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SUMMARY

Preliminary design studies have shown that advanced VTOL aircraft per-
formance can be enhanced when the aircraft are coupled with a turbofan
engine having the ability to provide shaft power to the vertical lift
rotor (convertible fan/shaft engine). The program reported herein was
conducted to determine the feasibility of using variable fan inlet and
duct exit guide vanes to effectively reduce fan horsepower and eliminate
thrust during periods of vertical lift and hover. An exploratory test
program was conducted in an existing 0.5 hub-tip ratio compressor research
rig modified to simulate a high-bypass-ratio fan configuration. This fan
configuration consisted of variable inlet and exit guide Vanes, a fan
rotor, and a simulated gas generator flowpath providing a 4.2:1 bypass
ratio. The fan rotor was an existing moderate-speed rotor blade with a
tip diameter of 43 inches, tip speed of 1150 fps, and design pressure
ratio and flow of 1.35 and 285 lb/sec, respectively.

Results from the test program established the feasibility of using
varible-geometry inlet and duct exit guide vanes to effectively reduce
fan horsepower and thrust. Fan horsepower was reduced to 16 .percent of
the maximum (cruise) power absorbed by the fan, and fan thrust was
reduced by 100 percent. The test results indicate that the potential
exists for reducing fan horsepower to values of less than 10 percent
of the cruise power. Inlet guide vane, rotor blade, and duct exit
guide vane stresses were within safe operating limits over the test
range of guide vane positions.

I

iii



TABLE OF CONTENTS

Page

SUMMARY ........ .. . . .. .. . . ............. ... iii

LIST OF ILLUSTRATIONS .. . .. ................... vi

LIST OF TABLES .............. . . .............. ix

LIST OF SYMBOLS . . . .. ......... . ...... x

INTRODUCTION ............. ................... 1

STAGE DESIGN ......... . . . .. . .. . ............. .. 2
Aerodynamic Desin .......... . . . .. . ........... . 2
Mechanical Design ....... .. . . .. . . ............ 6

TEST EQUIPMENT ........ .. . . .. .. . ................ 8
Facility ........... . . .. . .. . ......... ..... 8
Compressor Test Rig ........ .. . . .. . ............ 8
Instrumentation . . ....... ............ 8

PROCEDURES .......... .... . . .............. 14
Test Procedure ............. . . .......... .. 14
Data-PF.Auction Procedure ......... . ........... 17

Calculation of Performance Variables ... . . ...... 17

RESULTS AND DISCUSSION ........... ... 23

Influence of Guide Vane kosition on Shaft Horsepower and
Environmental Temperature ...... . . ......... 23

Influence of Gas Generator Flowpath Cover Plate on Shaft
Horsepower and Environmental Temperature .. . ..... 24

Influence of Guide Vane Position on Fan Thrust . . . . . 25
Guide Vane and Rotor Blade Stresses ... . . ...... 26

Fan Stage Performance ........ . . ........... 27

Concluding Discusssion ........ . . ........... 31

CONCLUSIONS ................ . ................. 32

RECOMMENDATIONS . . . . ....................... 33

LITERATURE CITED ............ . . .............. 104

APPENDIXES
I - Computer Programs Used for Aerodynamic Design . . 105

II - Tabulation of Performance Data ... . . ...... 106

DISTRIBUTION ........................ 110

v



LIST OF ILLUSTRATIONS

Figure Page

I Variable Geometry Fan for Efficient Fan-to-Shaft
Power Transfer .................................. 34

2 Flowpath Definition ...... .................. .... 35 K
SFlow-Splitter Leading-Edge Geometry. . . . . .... . .. .. 37

4 Inlet Guide Vane Geometry Details .............. .... 38

5 Inlet Guide Vanes in Closed Position ...... ......... 39

6 Rotor Geometry Details ............ ................ 40

7 Duct Exit Guide Vane Geometry Details ......... .... 41

8 Duct Exit, Guide Vanes in Closed Position ........... 42

9 Predicted Rotor Pressure Ratio and Corrected Weight
Flow at Off-Design Guide Vane Settings; Design
Rotor Speed ................. ...................... 43

10 Predicted Influence of Guide Vane Setting on Shaft
Horsepower; Design Rotor Speed . . . ............ 44

II Predicted Influence of Guide Vane Setting on Thrust;
Design Rotor Speed .................... . 45

12 Inlet Guide Vane Design. . . . . . . ..... .46

13 Rotor Blade and Attachment Design .............. .... 47

14 Duct Exit Guide Vane Design .... .............. ... 48

15 Sectional View of Low Hub-Tip Ratio Single-Stage
Test Rig .... ............ ............. 49

16 Gas Generator Flowpath Flow-Straightening Vane
Design .............. ........................ . 50

17 Compressor Research Facility ... ............. .... 51

18 Orifice Weight Flow, 3-Sigzma Repeatability ...... .. 52

19 Circumferential Location of Fan Stage Performance
Instrumentation. . . . . . . ............... 53

20 Total Temperature anJ Total Pressure Rakes . ..... 55

21 20-Degree Wedge Probe .............. . . . 56

22 Duct Exit Guide Vane With Total Pressure Kiel
Probes Installed .... .......... .......... 57

23 Drive Turbine Instrumentation Stations .......... . 58

24 Circumferential Locations of Drive Turbine
Instrumentation . . . . . . .. .... . . . 59

vi



LIST OF ILLUSTRATIONS (Continued)

Figure Page

25 Drive Turbine Thermocouple Circuits ............ .... 60

26 Inlet Guide Vane Strain Gage Locations ........ ... 61

27 Rotor Blade Strain Gage Locations .............. .... 62

28 Duct Exit Guide Vane Strain Gage Locations ...... .. 63

29 Total Temperature Probe Calibration Curve ..... ....... 64

30 Shaft Horsepower - Drive Turbine Inlet Temperature
Correlation . ........................... .... .. 65

31 Comparison of Predicted Shaft Horsepower With
Calculated Shaft Horsepower .................. .... 67

32 Shaft Horsepower vs Corrected Rotor Speed With
Inlet and Exit Guide Vanes Fully Closed ........ . . .. 69

33 Rotor Exit Temperature vs Corrected Rotor Speed
With Inlet and Exit Guide Vanes Fully Closed . . . . 70

34 Increase of Shaft Horsepower ar.J Rotor Exit
Temperature With Time, Inlet and Exit Guide

Vanes Fully Closed; 90-Percent Design Rotor Speed ... 71

35 Effect of Guide Vane Positi.on on Shaft Horsepower. . . 72

36 Effect of Guide Vane Positi&- on Rotor Exit
Temperature; Design Rotor Speed ............... ... 73

37 Shaft Horsepower vs Rotor Exit Temperature for High
Guide Vane Closure Angl.s; Design Rotor Speed ..... 74

38 Percent of Maximum Shaft Horsepower vs Rotor Exit
Temperature for High Guide Vane Closure Angles;
Design Rotor Speed ...... .................. .... 75

39 Shaft Horsepower vs Corrected Rotor Speed With Gas
Generator Flowpath Cover Plate Installed ....... ... 76

40 Rotor Exit Temperature vs Corrected Rotor Speed
With Gas Generator Flowpath Cover Plate Installed. . . 77

41 Influence of Guide Vane Position on Fan Thrust;
Design Rotor Speed ..... .................. . . 78

42 Influence of Guide Vane Position on Fan Thrust;
70-Percent Design Rotor Speed .............. . 79

43 Operating Envelope of Available Shaft Horsepower and
Thrust From Test Data ................. . . . 80

44, Fan Stage Pressure Ratio vs Corrected Weight Flow;
Design Rotor Speed .................. . . 81

vii



LIST OF ILLUSTRATIONS (Continued)

Figur Page

45 Fan Stage Adiabatic Efficiency vs Corrected Wreight

Flow; Design Rotor Speed .............. . 82

46 Fan Stage Pressure Ratio vs Corrected Weight Flow;
70-Percent Design Rotor Speed ................. .... 83

47 Fan Stage Adiabatic Efficiency vs Corrected Weight
Flow; 70-Percent Design Rotor Speed. . . ......... 84

48 Weight Flow Discontinuity as a Function of Exit
Guide Vane Closure Angle; Inlet Guide Vane Closed
45 Degrees; DesigiL Rotor Speed ............ 85

49 Weight Flow Discontinuities in Gas Generator Flowpath;
Inlet Guide Vane Closed 45 Degrees; Design Rotor
Speed ........... ......................... ..... 86

50 Inlet Cuide Vane Pressure Ratio vs Corrected Weight
Flow; Design Rotor Speed ............ .............. 87

51 Inlet Guide Vane 'ressure Ratio vs Corrected Weight
Flow; 70-Percent Design Rotor Speed ...... .......... 88

52 Inlet Guide Vane - Rotor Pressure Ratio vs Corrected
Weight Flow; Design Rotor Speed ....... ............ 89

53 Inlet Guide Vane - Rotor Pressure Ratio vs Corrected
Weight Flow; 70-Percent Design Rotor Speed ...... 90

54 Inlet Guide Vane - Rotor Adiabatic Efficiency vs Cor-
rected Weight Flow; Design Rotor Speed . . . . . . .. 91

55 Inlet Guide Vane - Rotor Adiabatic Efficiency vs Cor-
rected Weight Flow; 70-Percent Design Rotor Speed. .. 92

56 Rotor Temperature Ratio vs Corrected Weight Flow;
Design Rotor Speed .................. . 93

57 Rotor Temperature Ratio vs Corrected Weight Flow;
70-Percent Design Rotor Speed ............... .. 94

58 Rotor Inlet Temperature Distributions; Exit Guide
Vane Fully Open; Design Rotor Speed ............... 95

59 Rotor Exit Temperature Distributions; Exit Guide
Vane Fully Open; Design Rotor Speed ............... 97

60 Rotor Inlet Temperature Distributions; Inlet Guide
Vane Closed 70 Degrees; Design Rotor Speed . . . . . . 99

61 Rotor Exit Temperature Distributions; Inlet Guide
Vane Closed 70 Degrees; Design Rotor Speed . . . . . . 101

62 Recirculation Flow Model ....... ............... . 103

viii



LIST OF TABLES

Table Page

I Cruise Design Point Parameter Values .......... 2

II Airfoil Geometry Variables for Flow-Straightening

Vanes .............. ..... ........................ 5

III Instrumentation Suninary .......... ................ 9

IV Test Program Summary ............. ................ 16

V Fan Blade Vibratory Stress Summary .......... . 27

Vi Performance Data Summary - Design Rotor Speed . i06

VII Performance Data Summary - 70-Percent Design Rotor
Speed ................. ......... ............. 108

ix

j



LIST OF SYMBOLS

AD duct exit area, in?
Cp specific heat at constant pressure, Btu/lbm- 0 R

F thrust, Ib

HP horsepower

Kn horsepower correction factor

p static pressure, psi

P' total pressure, psi

SlIP shaft horsepower

T total temperature, *R

VZ axial velocity, ft/sec

W D duct weight flow, lb/sec

W weight flow (orifice), Ib/sec

I ratio of specific heats

6 pressure ratio, average plenum pressure/14.7 psi

0 temperature ratio, plenum temperature/518.7 0R

SUBSCRIPTS

act actual inlet conditions

cal calculated

corr corrected inlet conditions

pr predicted

ptp predicted turbine power

O stage inlet

I instrumentation station I

2 instrumentation station 2

4 instrumentation station 4

":C

I'



.INTRODUCTION

Advanced VTOL aircraft irelrihirary design studies have confirmed the
promising potential of combining the excellent hover characteristics
of rotory-wing aircraft With- the -high-speed characteristics of fixed-wing
aircraft. These studies have also indicated that the capabilities of
these -aireraft are enhanced wfen the aircraft are coupled with -a turbofan
engine that has the -ability to provide shaft power to- the vertical lift
rotor during hover (convert-ible fan/shaft engine). Because no such engines
are available todey, a conceptual study was conducted by- the U. S. Army
Aviation Materiel Laboratories (USAAVLABS)(Reference I) to compare various
means of reducing the power required by the fan during periods of vertical
lift rotor operation. One of the promising concepts that resulted from
this study used variable fan inlet and duct exit guide vanes for modulating
fan power and thrust, as illustrated in Figure 1.

In the variable-geometry guide vane concept, the inlet and duct exit
guide vanes are actuated toward the closed position during hover to re-
duce flow through the fan, thereby reducing the power absorbed by the fan
and eliminating thrust, Analytical methods were not heretofore available
to accurately predict either the lower limit of fan thrust or the minimum
parasitic power conditions that could be achieved. Consequently, a
12-month exploratory test program was initiated to establish the overall
feasibility of this concept and to-define the possible limitations. An
existing 0.5 hub-tip ratio compressor research rig was modified to simu-
late a high-bypass-ratio fan stage configuration. This configuration con-
sisted of variable inlet and duct exit guide vanes, a fan rotor, and a
simulated gas generator flowpath that provided a 4.2:1 bypass ratio. The
fan rotor used existing moderate-speed rotor blading having a tip diam-
eter of 43 inches and a tip velocity of 1-150 fps; the cruise design pres-
suje ratio and mass flowrate were 1.35 and 285 lb/sec, respectively. Tests
were conducted at design-corrected rotor speed and at 70-percent design-
corrected rocor speed with the inlet and duct exit guide vanes varying
from their fully open to fully closed positions, with several selected
combinations in between. Additionally, one test was conducted at inlet
and exit guide vane positions selected for minimum fan horsepower with
the gas generator flowpath exit closed.

This report presents a descriptiQn of the aerodynamic and mechanical
design; a description of the test equipment; the procedures for test,
data reduction and analysis; a discussion of the test results; the con-
clusions reached on the basis of these results; and the recommendations
for future work.



STAGE DESIGN

AERODYNAMIC DESIGN

The aerodynamic design included a cruise design point analysis and an
off-design (intermediate between cruise and hover) analysis. Selection
of the flowpath for these analyses was based on the use of an existing
0.5 hub-tip ratio compressor research rig. A flow splitter was designed
for this rig to provide simulated fan duct and gas generator flowpaths.
Design velocity diagrams were selected for the inlet guide vanes, rotor
blades, duct exit guide vanes, and flow-straightening vanes in the gas
generator flowpath. Computer programs that were used for the selection
of velocity diagrams are described in Appendix I. These velocity dia-
grams were used in conjunction with airfoil design data to select the
metal geometry for the inlet and exit guide vanes and the flow-
straightening vanes.

Cruise Design Point Analysis

The rotor speed, weight flow, and pressure ratio characteristics of the
existing rotor blading used in the fan stage were known. Thus, it was
possible to establish tentative cruise design point parameter values,
with an inlet guide vane loss distribution and zero rotor prewhirl as-
sumed. A summary of the design parameters thus establi3hed is given in
Table I.

TABLE I. CRUISE DESIGN POINT PARAMETER VALUES

Rotor Tip Diameter, in. 43

Fan Hub-Tip Ratio 0.5

Tip Speed, fps 1150

Weight Flow, Ibm/sec 285

Bypass Ratio 4.2

Fan Pressure Ratio 1.35

Stage Pressure Ratio

Duct Side 1.35

Gas Generator Side 1.28

Flowpath Definition

The flowpath consisted of fan inlet, rotor, fan exit, fan duct, and gas
generator duct sections, as shown in Figure 2. Although this flowpath
was somewhat unconventional for a fan engine, it permitted the use of
existing hardware and was suitable for meeting the program o'jectives.

A major concern in the final selection of the fan inlet section was
the interaction between the inlet guide vane wakes and the rotor blades
that might occur as a result of the close axial spacing between these
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b; de rows provided by the existing hardware. At high turning angles the
inlet guide van. rakes could be large, and their interaction with the rotor
blades could adveisely affect the stability of the rotor. Data presented
in References 2, 3, and 4 were- reviewed. These data implied (in terms of
noise-level measurements) that for the ratio of the number of rotor blades
to the number of inlet guide vanes for the existing rig, the advantage of
spacings larger than one chord length was negligible. The average (hub-to-
tip) spacing for the existing rig was one chord length. Therefore, no
adjustment was made for wake interference.

The fan duct and gas generator flowpaths were formed by adding a flow
splitter to the diffuser section of the existing rig flowpath. The lead-
ing edge of the flow splitter was located a distance of approximately one
rotor blade span downstream of the rotor to provide a region in which
radial flow shifts could be accommodated as the inlet and exit guide vanes
were closed. The flow splitter leading edge was positioned radially to
provide a 4.2:1 bypass ratio at cruise design rotor speed and flow condi-
tions. The leading edge cross section was elliptical, as shown in Figure 3,
to maintain attached flow over a wide range of incidence angles. The trail-
ing edge of the flow splitter was positioned radially to provide equal static
pressures at the fan duct and gas generator flowpath exit at cruise design
point conditions. Diffusion in the fan duct and gas generator flowpath,
as well as losses across the exit guide vanes and flow-straightening
vanes, was accounted for. The axial location of the flow-splitter trailing
edge was positioned such that the existing rig throttle vane actuation
mechanism could be used for varying the duct exit guide vane chord angle.

The existing outer wall geometry of the rig diffuser section required
modification to reduce the diffusion in the fan duct and thereby to reduce
the turning required by the exit guide vanes to return the flow to the
near-axial direction. On the basis of constant angular momentum, reducing
the duct flow area increased the axial velocity and reduced the swirl an-
gle into the exit guide vane. The proper incidence angle was then achieved
at an acceptable level of camber angle.

Inlet Guide Vanes

Several inlet guide vane cruise design point swirl distributions were
analyzed to determine if any benefit in off-design performance resulted
due to improved flow matching at the rotor inlet. The influence of cruise
design point swirl on off-design performance was found to be negligible;
therefore, the guide vanes were designed to produce an axial flow distri-
bution at cruise design conditions and thus to provide maximum flow and
thrust.

The NACA 4-digit-series airfoil (NACA M400) was selected for the inlet
guide vanes because the relatively large leading-edge radius permits un-
stalled operation over a wide range of incidence angles. This feature
was de'trable from the standpoint of maintaining high rotor efficiency
over as wide a range of inlet guide vane chord angles as possible.
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The finaT inlet guide vane geometry was selected to provide an acceptable
seal in the closed position. The variables included in this evaluation
were camber angle, chord length distribution, twist, and chordal overlap
in the closed position. The number of vanes was set by the existing syn-
chronous ring actuation system for positioning the guide vanes. Although
the cruise design zero swirl condition could be satisfied with a symmetri-
cal airfoil, it was noted that surface contact and sealing were improved
as camber angle was increased; however, it was necessary to limit camber
angle to avoid a high choke incidence condition in the cruise design con-
figuration. As a result of this study, a constant camber angles of 20 de-
grees was selected in conjunction with the chord length and chord angle
(twist) distributions shown in Figure 4 to provide line-on-line contact
of the vane surfaces in the closed position. The chordal overlap was
20 percent (of the chord length) at midspan. The inlet guide vanes are
shown in their closed position in Figure 5.

Rotor

An existing rotor disk and, existing rotor blading were used in this pro-
gram. This rotor has 34 blades comprised of circular arc airfoil sections
and a design tip velocity of approximately 1150 feet per second. The rotor
blades have part-span shrouds at 50-percent chord for flutter damping.
Spanwise distributions of blade camber, chord length, chord angle, and
thickness ratio are presented in Figure 6.

From the known blade element loss and deviation angle characteristics
for this blading, it was possible to calculate the rotor exit velocity
diagrams using the Axial Flow Compressor Calculation computer program
described in Appendix I. These exit velocity diagrams were subsequently
used in conjunction with the fan duct and gas generator flowpath geometry
to calculate the velocity diagrams at the duct exit guide vane and flow-
straightening vane inlets.

Flow-Straightening Vanes

Existing 65-series airfoil vanes were selected for the gas generator
flowpath flow-straightening vanes. The chord angle for these vanes was
selecLed such that it provided axial exit flow with near minimum loss
incidence at cruise design point conditions. This chord angle selection
resulted in an average (spanwise) air turning of 29 degrees. Airfoil
geometry variables for the flow-straightening vanes are given in Table II.

Duct Exit Guide Vanes

The duct exit guide vanes were located near the exit of the diffusing
section of the existing compressor rig (Figure 2) because a synchronous
guide vane positioning mechanism, normally used to control rig throttle
vane setting, was available at this location. The number of vanes (24)
matched the existing mechanism.

4



TABLE II. AIRFOIL GEOMETRY VARIABLES FOR FLOW-STRAIGHTENING VANES

Camber, deg 53.18

Chord Angle, deg 79.9

Chord, in. 2.18

Thickness Ratio 0.09

Number of Vanes 40

Solidity (Hub) 1.072

Solidity (Tip) 0.927

Aspect Ratio 0.93

The exit guide vanes were comprised of NACA 65-series airfoil sections.
Pratt & Whitney A1rcraft cascade loss data and the deviation angle cal-
culation method of Reference 5 for the 65-series airfoil were used in
the selection of exit velocity diagrams. Selection of the spanwise dis-
tributions of airfoil geometry variables required an iteration between
the design point requirements of minimum loss incidence and axial exit
flow, and the need to seal the duct when the vanes were in the closed
position. This iteration resulted in an exit vane with a constant chord
angle, a varying spanwise chord length, and a 9-degree hub-to-tip varia-
tion in camber, as shown in Figure 7. It was necessary to modify the
duct exit guide vane exit air angle from the axial direction to 10 de-
grees off the axial direction in order to match the vane leading edge at
minimum loss incidence angle and to maintain camber angles within limits
consistent with current design practice.

In the closed position, the duct exit guide vanes overlapped approximately
25 percent of the chord, and their design provided a line-on-line contact.
The hub and tip sections were contoured to match the flowpath wall. The
duct exit guide vanes are shown in the closed position in Figure 8.

Off-Design Analysis

An off-design analysis was conducted to predict fan performance, shaft
horsepower, and fan thrust at ctuise design rotor speed for various inlet
and exit guide vane settings. Performance predictions were obtained for
inlet guide vane exit flow angles of 0, 15, 30, and 45 degrees (measured
from the rig centerline) with the duct exit guide vane setting varied in
10-degree increments from the fully open position. During this analysis
it was found that as the inlet guide vane exit swirl increased, the pre-
dicted tip-to-hub flow shift increased; and for a swirl angle of 45 degrees
the rotor blades had either high choke incidence at the hub or high stall
incidence at the tip, depending on the flowrate. Similar results were
noted in the analyses presented in References 6 and 7. This flow shift
necessitated extrapolation of existing cascade performance data (Pratt &
Whitney Aircraft) to accommodate the large range of incidence angles. No
analysis was attempted for exit swirl angles larger than 45 degrees since
any further extension of the cascade data would 1ave been questionable.
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-Tiieresurts of the off-design analysis are presented in. FT~ures 9 through
II. Figure 9 shows the predicted rotor pressure ratio as a function of
corrected weight flow for several inlet and exit guide vane settings. The
estimated surge line in Figure 9 was determined from a correlation of surge
point rotor diffusion factor with aspect ratio.

The estimated rig operating limit points in Figure 9 correspond to condi-
tions where the combination of calculated rotor pressure ratio and system
losses results in a stage exit pressure equal to ambient pressure, since
the rig exhausts to ambient pressure. The indicated duct exit guide vane
positions for these points refer to closure angles below which the exit
guide vane loss would increase above a limiting value consistent with am--
bient exit pressure conditions. Thus, it might be expected that some re-
verse flow could occur in the rotor hub region for inlet guide vane clo-
sure angles greater than 30 degrees and exit guide vane closure angles less
than the limiting values indicated in the figure. For zero degrees of
inlet guide vane closure, the lower limit of pressure ratio (combined with
system losses) required to match ambient exit pressure is substantially
higher than the lower limit of pressure ratio for the other inlet guide
vane closure angles shown. This result is due to hn anticipated require-
ment for operating the compressor stage at reduced inlet pressure (by
throttling the inlet) in order for the compressor to achieve its cruise
design point flow and press,!re ratio with the inlet and exit guide vanes in
their cruise design positions.

Predicted shaft horsepower and fan thrust for the inlet and exit guide vane
settings analyzed are shown in Figures 10 and 14, respectively. The cruise
design point shaft horsepower and thrust are 5350 and 6000 pounds, respec-
tively. At an inlet guide vane closure angle of 45 degrees and an exit
guide vane closure angle of 35 degrees, the predicted horsepower and thrust
are 2450 and 1350 pounds, respectively.

As part of the off-design evaluation, the percent of increase in rotor
exit temperature was evaluated as a function of the -ercent of design
weight flow to estimate the rotor exit temperature that can be expected
when the inlet and exit guide vanes are in the fully closed configuration.
On the basis of this evaluation, the anticipated rotor exit temperature for
zero weight flow is 250'F. This temperature was used to define material
strength properties in the guide vane and rotor blade stress analyses.

MECHANICAL DESIGN

The mechanical design consisted of the stress analysis and preparation of
drawings for the inlet guide vanes, duct exit guide vanes, and gas gener-
ator flowpath flow-straightening vanes. Steady-state stresses were also
calculated for the existing rotor configuration, and drawings were prepared
for the gas generator flowpath cover plate, the fan duct-gas generator flow-
path splitter, an outer wall filler piece to modify the fan duct flowpath,
and diffuser case support rods to replace the stator vane row that was
normally located behind the rotor in the existing rig.
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Analysis of the inlet guide vane hub and tip spindle design indicated that
a large interface area between the airfoil section and the spindle would
be required at the hub to sustain the predicted airloads. The interface
area was therefore increased to the full area of the spindle with the over-
hang blended into the suction and pressure surfaces, as'shown ia Figure 12.
A maximum stress of 22,000 psi was calculated and occurred at the tip
spindle. The vanes were fabricated from AMS 5613 stainless steel, which
has a 0.2-percent yield strength of approximately 98,000 psi at 250 0 F, which
provided an adequate strength margin.

The stress and vibration characteristics of the existing rotor blades used
in this program are well documented, and no problems concerning their use
were anticipated. A maximum steady-state stress of 38,000 psi was cal-
culated for the rotor blades at 100 percent of cruise design rotor speed.
The titanium alloy rotor blades had a 0.2-percent yield strength of
99,000 psi at 250 0 F. A rotor blade, with the dovetail blade attachment
design, is shown in Figure 13.

The duct exit guide vane is shown in Figure 14. A maximum stress of
48,000 psi occurred at the hub spindle section which provided an approxi-
mately 100-percent stress margin for the AMS 5613 stainless steel material
selected for the exit vanes. The hub spindle was elongated to pass through
the gas generator flowpath and to make use of the existing holes in the
rig wall (Figure 15). The tip spindle was designed to fit the existing
synchronous ring levers for guide vane positioning.

The gas generator flowpath flow-straightening vanes are shown in Figure 16.
These were existing vanes that were trimmed to fit the gas generator flow-
path span. The tip spindles were welded to the flow splitter, and the vanes,
were cantilevered. A maximum stress of 18,000 psi was calculated at the
tip spindle. These existing vanes were fabricated from AMS 5613 stainless
steel, and no stress problems were anticipated with them.

The gas generator flowpath cover plate was a flat annular plate which was
attached with rivets, to the rig inner wall and to the flow splitter. The
cover plate was cut in angular segments to allow installation over the
exit of the gas generator flowpath while the rig was on the test stand
(Figure 15).

The flow splitter was designed as a cone and was fabricated from rolled,
welded, and machined sheet stock. The flow splitter was supported by two
sets of four airfoil-shaped struts located near the leading and trailing
edges, respectively. The outer wall filler piece was cylindrically-shaped,
was fastened directly to the existing wall at one end and was supported by
four struts at the opposite end (Figure 15).

Four 0.5-inch diameter support rods and a short outer wall spacer ring
were provided behind the rotor at the front end of the rig diffuser case.
These support rods replaced the stator vane row that was normally located
behind the rotor in the existing rig (Figure 15).
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TEST EQUIPMENT

FACILITY

The compressor test facility is shown in Figure 17. The compressor rotor
is driven by a single-stage free turbine that is powered by exhaust gases
from a J75 slave engine. Drive turbine speed is controlled by means of the
engine throttle. Air entered the compressor test section through a 103-foot
combined inlet duct, plenum, and bellmouth inlet and exhausted through an
exit diffuser to the atmosphere. A 7-degree diffuser at the plenum inlet
and a 10:1 bellmouth contraction ratio ensured uniform flow conditions at
the compressor inlet.

COMPRESSOR TEST RIG

An existing compressor rig was'modified as shown in Figure 15 to provide
the required fan stage simulation. The rotor assembly and shaft are sup-
ported on two bearings that transmit loads to the outer case through four
struts in the inlet case and the struts in the exhaust case. The rig ex-
haust is divided into two paths: one through the facility exhaust case
and a second radially outward through the outer case at the exit of the
diffuser section (see Figure 15). The radial overboard dump was provided
in the existing rig to accommodate high-volume flowrates. The overboard
dump resulted in ambient pressure conditions at the simulated fan stage exit.

INSTRUMENTATION

Fan State Performance Instrumentation

A summary of the instrumentation used in this investigation, together with
estimates of the measuring system accuracy for each instrument, is -presented
in Table III.

Weight flow was measured by means of a 38.4-inch-diameter thin plate orifice
fabricated and installed in accordance with ASME standards. Two upstream
static pressures, two differential static pressures, and one upstream tem-
perature were recorded. The 3-sigma repeatability for flow measurement
through an orifice is a function of the flow, as shown in Figure 18. For
this orifice the 3-sigma repeatability varied from ±1.0 percent at the
cruise design flow of 285 lb/sec to ±3.0 percent at 110 lb/sec (40-percent
destgn flow).

Fan stage inlet total pressure and total temperature were measured, re-
spectively, Dy means of two Kiel-head probes and one half-shielded "hermo-
couple probe located in the inlet plenum.

Rotor speed was measured with an electromaguetic sensor mounted adjacen'
to a 60-tooth gear on the rotor shaft. Gear-tooth-passing frequency was
displayed as rpm on an anadex digital counter.
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Axial locations of rotor inlet, rotor exit, gas generator flowpath, and fan
duct exit instrumentation stations are shown in Figure 2.

Rotor inret total pressure was measured by two Kiel-head rakes with pressure
sensors at 10-, 30-, 50-, 70--, and 90-percent span. One Kiel-head
thermocouple rake with sensors at the same span locations was provided for
rotor inlet temperature measurement. Rotor inlet absolute air angle was
measured at midspan by means of a self-balancing 20-degree wedge probe.
Circumferential locations of this instrumentation are shown in Figure 19.

Rotor exit total pressure and total temperature were measured with individ-
ual Kiel-head probes and/or Kiel-head rakes located radially and circumfer-
entially, as shown in Figure 19.

Two Kiel-head total pressure rakes, one Kiel-head total temperature rake,
one midspan 20-.degree wedge air angle probe, and two inner and two outer
wall static pressure taps were provided in the gas generator flowpath to
measure gas-generator-side weight flow. The radial and circumferential
locations of this instrumentation are shown in Figure 19.

Two sets of Kiel-head total pressure probes, one set of Kiel-head total
temperature probes, and one midspan 20-degree wedge air angle probe were
located at the fan duct exit, as shown ia Figure 19. The total pressure
and total temperature probes were mounted on duct exit guide vanes because
the acceptance angle of these probes was less than the anticipated change
in exit air angle over the test range.

A typical total pressure and total temperature rake is shown in Figure 20.
A 20-degree wedge probe is shown in Figure 21, and a set of vane-mounted
total pressure probes is shown ;in Figure 22.

Drive Turbine Instrumentation

A summary of the drive turbine instrumentation is given in Table III;
measuring stations are shown schematically in Figure 23, and circumferen- '

tial locations at each station are shown in Figure 24. Instrumentation
was provided for turbine weight flow and temperature drop, from which
turbine output horsepower was to be calculated. Turbine inlet total and
static pressure used for the weight flow calculation were obtained by
individual Kiel-head sensors and Pitot-static probes. These probes were
located in the inlet duct at Station 6 upstream of the turbine inlet
collector manifold (Figure. 23), where flow gradients and swirl are at
a minimum. Effective flow area for calculating turbine inlet flow was ob-
tained from the geometry of the duct at Station 6. Turbine inlet tempera-
ture was measured by two Kiel-head thermocouple rakes positioned immediately
upstream of the turbine at Station 6A to minimize the error in the turbine
temperature drop measurement. Any error introduced into the weight flow
calculation by the small temperature drop between Stations 6 and 6A due
to radiation losses would be negligible because of the high absolute level
of the inlet temperature. To improve accuracy, turbine temperature drop
was measured as a delta temperature instead of calculated as the difference
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between two absolute readings. This was accomplished by electrically
linking two Kiel-head thermocouple rakes at Station 7 downstream of the
turbine to the rakes at Station 6A, as shown schematically in Figure 25.
Figure 25 also shows that the Kiel-head sensors were combined to provide
two individual and one average absolute temperature and two average tempera-
ture difference readings. This consolidation was necessary because of
capacity limitations of the data recording system.

Strain Gage Instrumentation

Strain gages were installed on the inlet guide vanes, fan blades, and exit
guide vanes at locations where maximum stresses were expected to occur
during test.' For the inlet guide vanes, the maximum stress locations were
determined from stress coat patterns that formed as a result of vibration
stresses when selected vanes were vibrated in the first bending and first
torsional modes. Two vanes were instrumented at the locations shown in
Figure 26. Stress patterns had been previously documented for the rotor
blades that were used in this program, and bench vibration tests were
therefore not required. Six fan blades were instrumented with three strain
gages each at the locations shown in Figure 27. Because of the large chord
and thickness of the duct exit guide vane airfoil sections, bench vibration
tests were not considered to be necessary. Maximum stresses on these vanes
were expected to occur in the vicinity of the spindles; accordingly, strain
gages were located near the hub and tip on the pressure surface in line with
tWe spindle centerltne, and a third gage was located at midspan in line
with the other two gages (see Figure 28)'. Two vanes were instrumented.

Test Stand Instrumentation

Instrumentation was provided to monitLr rig operation, such as lubricant
pressures, bearing temperatures, chip detection system, etc. In addition,
the rig external case and test facility mounts were instrumented with self-
generated accelerometers to detect test rig case and drive shaft vibrations.
A vibration monitor electrically integrated the transducer signal and dis-
played vibration loads and amplitudes for observation by the test engineer.

Instrumentation Accuracy

Accuracy estimates for the fan stage and drive turbine instrumentation
are given in Table III. System accuracy consists of the combined estimated
accuracies of the individual sensor, associated transducer, and recording
system.

Pressure measurement accuracy was improved by referencing pressure trans-
ducers to ambient pressure, which permitted the use of low-range trans-
ducers. The pressure measurements were converted to absolute values using
a barometer reading that is obtained every hour by the Florida Research and
Development Center Lnstrumentation Laboratory and input to the pressure
recording system.

12



Kiel-head total pressure probes did not require calibration because of their
relative insensitivity to pitch and yaw. The Kiel-head total temperature
probes, designed with relatively long exposed wires between the thermocouple
junction and insulating material, did not require correction. A typical
calibration curve for Lhese total temperature probes is shown in Figure 29.

Flags are installed on 20-degree wedge (air angle) probes, using an airflow
facility in the Instrumentation Laboratory, to permit alignment of these
probes with the compressor rig centerline.

Data Acquisition

The data acquisition system used in this test program consists of an 88-
channel Consolidated Systems Corporation Model 1 Microsadic digital magnetic
tape recorder. Data from each of the 88 channels may be recorded at a rate
of up to 100 cycles per second. The output of this recording system is
compatible with an IBM system 360 computer that is used for data processing.

13



PROCEDURES

TEST PROCEDURE

The test program consisted of a checkout test, a contingency test with
inlet and duct exit guide vanes closed, the tests with various guide vane
chord angle settings, and a test with a cover plate over the gas generator
flowpath exit. These tests were subject to limitations of rig vibration
and blade stresses that have been established as safe margins in previous
test programs. The limiting rig vibration was 3.0-mil displacement, and-
the limiting blade stress was 10,000 psi.

Checkout Test

The purposes of the checkout test were to evaluate the stress and vibration
characteristics of the compressor rig and to evaluate the instrumentation
under actual compressor operating conditions. Inlet and exit vanes were
set in the fully open position, and data were recorded continuously as the
fan was accelerated from idle to 110-percent desigr speed and returned to
idle.

Contingency Test

The contingency test was run to ensure that minimum program objectives were
attained in the event of hardware damage while operating in the stall condi-
tions that would be encountered during actuation of the exit guide vanes.
For this test, Station I instrumentation was removed, inlet and duct exit
guide vanes were set in the fully closed position, and data were recorded
continuously as the fan was accelerated from zero to ll0-perceat design
rotor speed and returned to idle. Station I instrumentation was then in-
stalled in the test rig for the remainder of the test program.

Variable Chord-Angle Tests

The variable chord-angle tests constituted the main body of the test pro-
gram and were conducted as follows. With the inlet guide vanes fixed in
their fully open position (zero swirl), the rotor speed was set at the
design value and data were recorded continuously as the duct exit guide
vanes were slowly closed from the fully open (0-degree) position to the
fully closed (80-degree) position and returned to the open position. The
rate of closure of the exit guide vane was sufficiently slow to ensure
quasi-equilibrium operation. The fan speed was then set at 70-percent
design rotor speed and the test was repeated. This procedure was repeated
with the inlet guide vane set at 45, 60, 70, and 80 degrees from the fully
open position.

During the off-design analysis discussion, it was mentioned that it would
be necessary to reduce inlet pressure to achieve design pressure ratio and
flow with the inlet and duct exit guide vanes in their fully open position
because the duct exit guide vanes were the only means of increasing the
rotor exit pressure. This procedure was omitted during the test because the
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resulting horsepower-guide vane relationship with reduced inlet pressure
would have been incompatible with data obtained at ambient inlet conditions.
Demonstration of the cruise design point performance was considered of
secondary importance relative to having compatible data. Consequently,

- all of the tests were performed with ambient inlet conditions.

Test With Gas Generator Flowpath Cover Plate

The last phase of the test program required that the fan be run with the
inlet and exit guide vanes set at near minimum parasitic power positions
and that an annular cover plate be installed over the exit of the gas gen-
erator flowpath to simulate the use of variable geometry vanes to seal the
gas generator inlet. Based on data from the variable chord-angle tests,
two inlet guide vane positions, 70 and 80 degrees, were selected to ensure
that the minimum parasitic power setting (within an acceptable temperature
limit) was obtained. The duct exit guide vane was set at 68 degrees because
the variable chord-angle test data indicated a sharp increase in rotor exit
temperature at higher exit guide vane closures. Data were continuously re-
corded as the rotor was accelerated from idle to design rotor speed and re-
turned to idle.

Test Program Summary

A summary of the test program is given in Table IV. No stress or vibration
problems were encountered during the checkout test, but some of the instru-
imentation malfunctioned and required correction before continuing the test
program. The contingency test (with inlet and duct exit guide vanes fully
closed) was successfully completed without exceeding stress or vibration
limits but resulted in rotor exit temperatures in excess of 540OF (un-
corrected).

During the variable chord-angle tests, the exit guide vane closures for the
fully open inlet guide vane test were rotor blade stress limited at 41 and
50 degrees at 100- and 70-percent design rotor speed, respectively. In
addition, there was a stress-limited region between 5 and 18 degrees of exit
guide vane closure at design rotor speed when the inlet guide vane was set
at 45 degrees. The 5 degree boundary of this stress-limited region was
reached as the exit guide vane was being closed from the fully open position.
The 18 degree boundary was determined by reducing the rotor speed with the
exit guide vane set at 0 degrees, closing the exit guide vane 40 degrees at
the reduced rotor speed, increasing the speed to design speed, and opening
the exit vane until the stress limit was reached. The remaining combinations
of inlet guide vane settings and rotor speeds were successfully run over the
full range of exit guide vane closure oithout exceeding vibration or stress
limitations.

The 80 degree inlet guide vane setting for the annular cover plate test was
successfully completed, but the 70 degree setting was tested to only 69-
percent design rotor speed because of erratic rotor blade strain gage
readings.

15
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Zyglo inspection of the inlet guide vanes, exit guide vanes, and rotor
blades, and visual inspection of the remainder of the test hardware during
rig disassembly revealed that the tests had no effect on the structural
integrity of the hardware.

* DATA-REDUCTION PROCEDURE

Fan stage and drive turbine measurements were recorded in electrical units
on a magnetic tape that was processed through a computer program to provide
tabulated data in engineering units. This computer program also corrected
the pressure and temperature data to standard-day inlet conditions; these
corrected data were subsequently used to calculate the performance vari-
ables, except as noted. Pressure and temperature data were corrected by the
following relationships:

Pressure (StandardDay) =Pressure (measured)

Temperature (Standard Day) = Temperature (measured)
0

S where 6 = Average Plenum Pressure
14.7 psi

- Plenum Temperature
518.7 0 R

CALCULATION OF PERFORMANCE VARIABLES

Rotor Speed

* Actual rotor speed was a directly measured quantity. Corrected rotor speed
and percent design corrected speed were calculated from the actual speed
as follows:

Correct Speed = Actual Speed

Percent Design Speed = Corrected Speed x 100
Design Speed

17



Orifice Weight Flow

Orifice weight flow was calculated from measured differential static
pressure, total pressure, and total temperature data using an ASME standard
orifice equation with known coefficients. Corrected inlet weight flow was
computed as follows:

Corrected Flow = Actual Flow V/T

Fan Horsepower

Fan horsepower was calculated from drive turbine measurements instead of
fan weight flow and enthalpy rise because of the inaccuracy of the orifice
weight flow measurement at the low flows associated with high inlet and
duct exit guide vane closure angles. These flows were frequently less
than 20 percent of the design flow, resulting in a flow measurement un-
certainty greater than 10 percent (see Figure 18). Additional error was
introduced by the flow recirculation effects encountered at the high inlet
and exit vane closures. Two methods for calculating fan horsepower, based
on drive turbine measurements, were available from the test data.

The first method for calculating the power absorbed by the fan accounts
for the energy transfer between the drive turbine and the fan. This method,
based on the first law of thermodynamics, requires correcting the turbine
thermodynamic power for mechanical losses due to heat transfer, windage,
and bearing friction. Turbine power is obtained from the turbine flowrate
calculated from the pressure and temperature measurements in the turbine
inlet duct and the inlet duct effective flow area, and the measured turbine
temperature drop. The mechanical losses are empirically evaluated at each
rotor speed by calculating the difference between the turbine power and the
shaft horsepower calculated from the fan enthalpy rise and weight flow.
The best estimate of the mechanical losses is obtained with the inlet guide
vanes in their design open position to avoid the problems of orifice weight
flow measurement inaccuracy and recirculation effects at low flowrates.

Use of turbine weight flow, however, proved to be unsatisfactory because of
the extreme sensitivity of the calculated turbine weight flow to the total-
to-static pressure ratio in the turbine inlet duct. As an example of this
sensitivity, a 20-percent change in calculated turbine horsepower resulted
from a 0.3-percent change in either total or static pressure when the fan
stage was in its maximum power configuration (design rotor speed and fully
open inlet guide vanes). This sensitivity was increased at the lower power
settings. The random fluctuation of the pressure transducers in the data
acquisition system was 0.3 to 0.5 percent, allowing a wide range of turbine
horsepower values.

The alternative method for calculating fan horsepower was based on the
relationship between the J75 slave engine exhaust and drive turbine power.
The turbine power was varied by controlling the fuel flowrate to the J75
slave engine and thereby controlling the turbine inlet temperature uniquely.
Thus, the turbine inlet temperature is related to the shaft horsepower at

18



each rotor speed, and a unique relationship can be established for given
combinations of rotor speed and turbine inlet temperature. The correlation
shown in Figure 30 was 'established from the power equivalent of the fan
enthalpy rise (shaft horsepower), turbine inlet total temperature, and
rotor speed based on test data from this program and from a NASA contract
program, NAS3-7604, 'that used the same compressor -rig. The need to de-
termine the mechanical losses is avoided in this method since 'the cor-
relation is based on calculated adiabatic shaft horsepower. The NAS3-7604
test stage used in this correlation consisted of variable geometry inlet
guide vanes, a 0.5 hub-tip ratio rotor, and a variable geometry stator.
The rotor blade tip diameter was 43 inches, the design speed was 6050 rpm,
and the design weight flow was 265 lb/sec. The close similarities in the
design point values between the NAS3-7604 stage and the stage tested in
this program provided a sound foundation for this correlation. Actual
shaft horsepower (not corrected to standard-day inlet conditions) was
calculated as

S778 Wact C (T2 - T0 )SHPac

act 550

where Wact = Actual fan weight flow, lb/sec

C = Specific heat of air
p

T = Actual average rotor exit temperature, OR
2

T = Actual stage inlet temperature, OR

Fan horsepower calculations were performed for the NAS3-7604 program
results at 50-, 70-, and 100-percent design rotor speed. Data at 50-percent
speed were included in the correlation to define the initial curvature of
the speed lines in the low horsepower region. Fan horsepower values were
determined for the USAAVLABS program at 70- and 100-percent design rotor
speeds with an inlet guide vane angle of 0 degrees and at 100-percent design
rotor speed with an inlet guide vane angle of 45 degrees. Data from the
45-degree inlet guide vane setting were restricted to inlet weight flows
greater than 100 lb/sec to minimize the error introduced by orifice weight
flow inaccuracy and recirculation effects.

An analytical turbine performance computer program was used to calculate
shaft horsepower as an independent verification of the turbine inlet
temperature/shaft horsepower correlation. The program predicted turbine
power from input consisting of turbine inlet total pressure (taken from the
Station 6 data), inlet total temperature (Station 6A), exit static pressure
(assumed to be ambient), turbine speed, and turbine blade geometry. Pre-
dicted shaft horsepower values for comparison with the correlation were
calculated by subtracting a factor, Kn, from the turbine power computed by
the turbine performance program. The factor, Kn, accounts for the drive
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system mechanical losses and for the fact that zero total pressure loss*
was assumed by using Station 6 total pressure data as the turbine inlet
conditions. Kn was empirically evaluated at each speed as the difference
between the predicted turbine power and the shaft horsepower calculated
from the fan test data with the inlet guide vanes at 0 degrees (fully
open). Calculation of the shaft horsepower predicted by the analytical
computer program can be expressed by the following relationships:

SHPpr = HPpLp - Kn

n HPptp cal

where SHPpr Predicted shaft horsepower

HPptp = Predicted turbine power

K = Correction factor
n

-SPCa = Shaft horsepower calculated from fan test data

Predicted shaft horsepower values were calculated for several exit guide
vane settings for inlet guide vane positions of 0, 45, an'd 80 degrees
at 100- and 70-percent design rotor speed for compariscr with the cor-
relation. Figure 31 shows that the predicted shaft horsepower as-defined
above agrees closely with the turbine inlet temperature correlation
developed in Figure 30. The values of shaft horsepower obtained from
Figure 30 as a function of turbine inlet temperature and rotor speed were
corrected to standard-day inlet conditions using the following relation-
ship:

SHPH=
SHP SH act

corr
Thrust

Fan thrust was determined from measurement of the duct exit flow conditions.
The thrust equation is of the form

F = (WD) (VZ) + (P4 - PO) AD

where WD = Duct weight flow

VZ = Duct exit axial velocity

P4 = Duct exit static pressure

PO = Corrected plenum pressure (14.7 psia)

AD = Duct exit area
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Duct weight flow was obtained as the difference between the orifice weight
flow and the gas• generator weight flow. Gas generator weight flow was
calculated from the data measured at Station 3. Duct exit axia? velocity
was calculated from-the Station 4 measurements of total pressure, total
temperature, and air angle. Ambient static pressure, corrected to standard-
day inlet conditions, was assumed at Station 4.

Fan Stage Performance

Pressure ratio, temperature ratio, and adiabatic efficiency were calculated
to describe fan stage performance. These performance variables are defined
as follows:

P
Pressure ratio ---

P0

Temperature- ratio --

T -
(P 4 /P 0) 0 -

Adiabatic efficiency = (T2/T 0 )
2 0

where P = Duct exit (Station 4) total pressure
4

To = Stage inlet total temperature

TI = Rotor inlet (Station 1) total temperature

T = Rotor exit (Station 2) total temperature
2

b = Ratio of specific heats

The bar notation refers to arithmetic averages of the pressures and
temperatures at the indicated measuring stations.

Blade Row Performance

Calculated blade row performance variables consisted of inlet guide vane

pressure ratio, inlet guide vane - rotor pressure ratio, and inlet guide
vane - rotor adiabatic efficiency. These variables were calculated
according to the following relationship:

Inlet guide vane pressure ratio = I
P0

P2Inlet guide vane - rotor pressure ratio =-2
P

0
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(P 2/P0 'Y -1

Inlet guide vane - rotor adiabatic efficiency /T(• 2 /Tro) - 1

where P= Rotor inlet (Station 1) total pressure

2 = Rotor exit (Station 2) total pressure.
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RESULTS AND DISCUSSION

INFLUENCE OF GUIDE VANE POSITION ON SHAFT HORSEPOWER AND ENVIRONMENTAL
TEMPERATURE

The residual fan (shaft) horsepower measured in the contingency test with
both the inlet and duct exit guide vanes fully closed is shown as a func-
tion of rotor speed in Figure 32. This test demonstrated that the stage
could operate without high vibration at design rotor speed with the vanes
closed. The residual horsepower at design rotor speed was 720, or
approximately 14 percent of the cruise design point horsepower.

It was observed during this test that the temperatures recorded behind
the rotor at design speed were on the order of 5000 F, as shown in Fig-
ure 33. Furthermore, it was noted that the temperature at a given speed
increased with time, as shown in Figure 34. Thus, it is possible that
equilibrium temperature conditions at design rotor speed would be reached
at an even higher temperature than 5000 F. This high envrionmental tem-
perature is considered to be above the limit for compressor mechanical
design without recourse to exotic materials; the resulting temperature
in a gas generator compressor would be unacceptably high if the fan was
a supercharging stage.

The reduction of shaft horsepower as a function of inlet guide vane
closure for various exit guide Vane settings is shown in Figure 35. Data
for both 70- dnd' 100-percent design rotor speed are included. For both
rotor speeds, the shaft horsepower was reduced to approximately 30 percent
of the respective maximum values by closing the inlet guide vane
45 degrees. The exit guide vane position does not appreciably influence
the horsepower between inlet guide vane settings of 45 and 80 degrees.
Beyond 80 degrees the horsepower drops as the inlet and exit guide vanes
approach the fully closed position.

The sensitivity of rotor exit temperature to inlet and exit guide vane
position is shown in Figure 36. A rapid increase in temperature can be
seen for inlet gufde vane closures above 60 degrees when the exit guide
vane is closed. The temperature rise was not ac pronounced when the exit
guide vanes were partially or fully open.

The data in Figures 35 and 36 indicate that low fan parasitic power was
achieved with the inlet and exit guide vanes closed or nearly closed,
but that caution must be exercised to avoid the unacceptably high tem-
peratures associated with high guide vane closure angles. Consequently,
the test data obtained at design speed were extrapolated and cross-
plotted to define the relationship between shaft horsepower aua rotor
exit temperature for high inlet and exit guide vane closure angles. The
cross plots were accomplished as follows. First, the horsepower and tem-

perature data for each inlet guide position were plotted as a function
of exit guide vane closure angle. Data selected from these curves at exit
guide vane settings of 60, 65, 70, 72, 74, 76, 78, and 80 degrees were
then replotted as a function of inlet guide vane position. Finally,
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horsepower was plotted as a function of temperature for the constant
values of inlet and exit guide vane closure angles indicated in Figure 37.
These results are repeated in Figure 38 with horsepower represented as a
percent of the maximum (cruise design point) horsepower.

The results in Figures 37 and 38 clearly indicate the sensitivity of
rotor exit temperature to exit guide vane closure. For example, when the
inlet guide vane is varied from the 70-degree closed to the fully closed
(90-degree) position with the exit guide vane at 72 degrees, the horse-
power drops from 1500 to 1190 and the rotor exit temperature increases
from about 1800 to 205°F; but, for the same inlet guide vane closure with
the exit guide vane fully closed (80 degrees), the horsepower drops from
1385 to 715 and the temperature increases to nearly 5000 F. Since the
inlet guide vanes in their closed position cut off the flow into the fan,
the residual horsepower, and the high temperatures associated with high
exit guide vane closure angles, must be a result of flow recirculation-
through the rotor. The amount of recirculating flow apparently diminishes
as the exit guide vane is moved toward the fully closed position; hence,
the decrease in horsepower. The level of recirculation in the rotor
apparently increases as the exit vanes are closed; hence, the increase in
temperature. Recirculation is discussed further on page 29.

The results in Figure 38 indicate that it is possible to reduce the shaft
horsepower to about 16 percent of the maximum value without exceeding a
temperature of 370 0 F. This is considered to be a safe upper limit of
temperature for a supercharging fan stage.

It is possible that the residual horsepower, as a percent of maximum,
could be less for a higher work fan stage than the one used in this in-
vestigation. For example, a fan having a lower hub-tip ratio, higher
blade tip velocity, and higher pressure ratio with the same amount of
flow recirculation in the rotor at reduced flow may have the same absolute
level of residual horsepower but a greater maximum (cruise) horsepower.
Residual horsepower might be further reduced by means of improvements to
the flowpath geometry and flow conditions in the gas generator flowpath
to reduce flow recirculation since a large portion of the residual horse-
power and temperature rise was due to reverse flow in the gas generator
flowpath.

INFLUENCE OF GAS GENERATOR FLOWPATH COVER PLATE ON SHAFT HORSEPOWER AND
ENVIRONMENTAL TEMPERATURE

Data were obtained with a cover plate over the gas generator flowpath
exit for the following guide vahe settings:

Inlet Guide Vane Duct Exit Guide
Closure, deg Vane Closure, deg

70 68

80 68
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These settings were selected on the basis of preliminaiy data analysis
and were thought to encompass the minimum residual shaft horsepower con-
dition within an acceptable rotor exit temperature limit. Horsepower as
a function of rotor. speed for these configurations is shown in Figure 39.
Data obtained at the same guide vane settings without the cover plate are
shown for comparison. Closing the gas generator flowpath exit reduced
the shaft horsepower by approximately 50 percent at the two rotor speed
conditions (70 and 100 percent of design) indicated. At desilnospeed,
the residual horsepower with the cover plate was the same as that obtained
without the cover plate but with both the inlet and duct exit guide vanes
fully closed (Figure 35).

Rotor exit temperature as a function of rotor speed is presented in Fig-
ure 40. The temperatures with the cover plate installed are slightly
lower than the temperatures without the cover plate. A maximum tempera-
ture of 1600F was observed at design rotor speed. This temperature is
substantially lower than the temperature obtained without the cover plate
and with the guide vanes fully closed (Figure 33). Examination of the
gas generator flowpath (Station 3) data revealed that, without the cover
plate, the total pressure and static pressure were below ambient pressure,
which indicated reverse flow in the gas generator flowpath. At design
rotor speed and with the inlet guide vanes at 80 degrees, the reverse
flow was calculated to be 14.8 lb/sec, assuming that the total pressure
at Station 3 was equal to ambient pressure. The total and static pressure
measurements at Station 3 further indicated that the reverse flow was
eliminatod when the cover plate was installed. This reverse-flow condition
is possibl.y responsible for the shaft horsepower and temperature differences
indicated in Figures 39 and 40 for operation with and without the cover
plate. The path of the reverse flow after it left the gas generator flow
path or the mechanism that caused the differences in power and temperature
cannot be established from the data availabale.

INFLUENCE OF GUIDE VANE POSITION ON FAN THRUST

Fan thrust is shown as a function of inlet guide vane position for various
exit guide vane settings in Figure 41 (design rotor speed) and Figure 42
(70-percent design rotor speed). The data in these figures indicate that
essentially 100-percent fan axial thrust reduction is possible with the
variable geometry inlet and duct exit guide vanes. Closing the inlet
guide vane 80 degrees results in zero thrust for any exit guide vane posi-
tion. Closing the exit guide vane with the inlet guide vane closed
60 degrees also results in zero thrust.

The relationship between fan thrust and fan horsepower during transition

of a convertible fan/shaft engine from a cruise mode to a hover mode is
of primary concern in propulsion system studies for VTOL (composite)
aircraft. The operating envelope of horsepower available to a vertical
lift rotor and fan thrust as defined by the data obtained in this investi-
gation is presented in Figure 43. This operating envelope indicates the
possibility of substantial thrust increases at constant fan powkur levels,
as well as linear changes of thrust and power.
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GUIDE VANE AND ROTOR BLADE STRESSES

Vibratory.stresses observed during the test program for the inlet and
duct exit guide vanes were less than 1000 psi. This level of stress is
small compared to the 50,000- to 60,000-psi allowable vibratory stress
limits for common vane materials.

Rotor blade vibratory stresses recorded during the test program are sum-
marized in Table V. At O-degree inlet guide vane setting and 100-percent
design rotor speed, the blade stresses were constant at 3000 psi with a
sudden increase to 10,000 psi at the stall point, which was induced by
closing the exit guide vanes. This same increase in stress from a con-
stant low value also occurred when the inlet guide vane was closed
45 degrees, but it was not observed at higher closure angles. The peak
rotor stress for the 0-degree inlet guide vane position at 70-percent
design rotor speed is only 7000 psi in Table V, whereas the test summary
in Table IV implies that the '10,000-psi allowable stress limit (for the
test program) was reached. This discrepancy occurred because the exact
level of stress is difficult to ascertain on an oscilloscope during tran-
sient operating conditions; analysis of the recorded stress data was re-
quired to determine the exact stress limit reached. Even though this test
was ended prematurely at the 7000-psi stress level, the fact that this is
a stress-limited configuration is not compromised since the oscillograph
analysis revealed that the exit guide vane could not have been closed more
than a few degrees further before the 10,O00mpsi stress limit would have
been reached. Rotor stresses for inlet guide vane closure angles greater
than 45 degrees were constant, independent of the exit guide vane setting,
and were well below the maximum allowable stress of 10,000 psi. A rapid
increase in stress did not occur because the low flows associated with the
high inlet guide vane closure angles minimized the aerodynamic forces
which affect vibratory stress level.

The inlet and exit guide vane and rotor blade vibratory stress data indi-
cate that zero fan thrust and low horsepower operating conditions can be
achieved within acceptable stress limits.
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TABLE V. FAN BLADE VIBRATORY STRESS SUMMARY

IGV DEGV
Design Speed Closure Closure Blade Stress*

(%) (deg) (deg) (psi)

100 0 0-41 3000 (10,000)
45 0-5, 18-75 5000 (10,000)
60 0-80 5000
70 0-80 7500
80 0-80 3000

70 0 0-50 2000 (7000)
45 0-80 1000
60 0-80 1000
70 0-80 1000
80 0-80 1000

L-Maximum stresses are given in parentheses

FAN STAGE PERFORMANCE

Stage .Pressure Ratio and Efficiency

Fan stage performance results in terms of pressure ratio and adiabatic
efficiency are presented in Figures 44 and 45 for design rotor speed condi-
tions and in Figures 46 and 47 for 70-percent design rotor speed conditions.

The peak pressure ratio at design rotor speed was 1.302 with the inlet and
exit guide vanes in their fully open position (Figure 44). The corres-
ponding weight flow was 284 lb/sec. Closing the inlet guide vane 45 degrees
reduced the pressure ratio and flow to 1.082 and approximately 100 Ib/sec,
respectively. Further closure of the inlet guide vane reduced the pres-
sure ratio to values between 1.0 and 1.06, depending on the exit guide
vane position. The indicated weight flow for the 80-degree closure angle
was about 10 lb/sec. These reductions in pressure ratio and flow are
generally consistent with the reductions in shaft horsepower determined
from the drive turbine measurements.

Two pressure ratio/weight flow data points are indicated in Figures 44
and 46 for inlet and exit guide vane settings of 45 and 40 degrees.
Analysis of the data showed that this apparent flow discontinuity actually
occurred and was a result of flow reversal in the gas generator flowpath.

A maximum fan stage efficiency of 80 percent was achieved at design rotor
speed with the inlet guide vane fully open (Figure 45). Closing the inlet
guide vane 45 degrees dropped the efficiency to 25 percent. Further
closure of the inlet vanes resulted in further decreases in efficiency,
which reflects the high rotor exit temperatures at minimum residual horse-
power values shown earlier.
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Flow Reversal in Gas Generator Flowpath

Analysis of the fan stage performance data revealed instantaneous changes
in inlet weight flow for the 45-, 60-, 70-, and S0-degree inlet guide vane
positions. The variation in inlet weight flow as a function of exit guide
vane position for the 45-degree inlet vane setting (shown in Figure 48)
indicated that the inlet flow increased 25 lb/sec at 52 degrees as the
exit guide vanes were closing and decreased 16 lb/sec at 33 degrees as the
exit guide vanes w;ere opening. These weight flow changes occurred within
I second (one scan of the data system). Flow measurements in the gas
generator flowpath indicated similar discontinuities, as shown in Fig-
ure 49.

These weight flow discontinuities were apparently caused by the changing
back pressure in the fan-duct, resulting from movement of the exit guide
vanes, which in turn affected the flow field at the gas generator flowpath
inlet. When 'the exit vanes were closed 52 degrees, the pressure at the
gas generator flowpath inlet was sufficient to overcome the gas generator
flowpath losses and to cause flow through the gas generator flowpath. As
the exit vanes were opened, the pressure at the gas generator flowpath

inlet decreased until a flow reversal occurred when the exit guide vanes
reached a 33-degree closure angle. This variation of weight flow at the
gas generator inlet implies a wide variation of axial velocity and, hence,
incidence angle, on the gas generator flowpath flow-straightening vanes.
Incidence angles as high as 40 degrees beyond the stable operating range
for these airfoil sections were calculated in a one-dimensional flow
analysis. Operation at these high incidence angles causes high overall
gas generator flowpath loss. Variable geometry guide vanes at the gas
generator flowpath inlet would permit a smooth transition from cruise to
VTOL modes of operation. In an engine configuration, flow reversal will
also be affected by the pressure field in the gas generator flowpath
induced by a compressor, A more comprehensive evaluation of this phenom-
enon should therefore include the effect of gas generator flowpath back
pressure variation.

Blade Row Performance

Inlet guide vane pressur.e ratio as a function of weight flow for various
inlet and exit guide vane settings is given !.n Figures 50 and 51 for 100-
and 70-percent speeds, respectively. These data show that the pressure
ratio is approximately 1.0 at the cruise inlet guide vane setting, indi-
cating a low-loss blade row, and increases as the inlet vane is closed
due to the recirculation of flow in the rotor tip region.

Attempts to rationalize the inconsistencies between the design rotor speed
data in Figure 50 and the 70-percent design rotor speed data in Figure 51
are precluded by the unknown specific nature of the flow recirculation in
the rotor. The variation of inlet guide vane pressure ratio with exit
guide vane settings for 70-percent design rotor speed data is more system-
atic than the variation of pressure ratio for the 100-percent design rotor
speed data. Part of the difference in the pressure ratio/weight flow
trends in the two figures is attributed to overscaling of the Station I
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pressure transducers at 70- and 90-percent span due to recirculation at
design rotor speed conditions. No explanation was found for the low pres-
sure ratios at the 60-degree inlet guide vane setting (see Figure 50);
however, this apparent data anomaly is not considered to be of any conse-
quence relative to the program objectives. The systematic variation of
pressure ratio, shown in Figure 51, reflects the influence of back pressure,
induced by closing the exit guide vanes, on recirculation in the rotor.
This back pressure effect becomes more pronounced at the lower weight
flows (high inlet guide vane closure angles).

Inlet guide vane-rotor pressure ratio is presented as a function of cor-
rected weight flow for 100- and 70-percent design rotor speed in Fig-
ures 52 and 53, respectively. These two figures further illustrate the
influence of exit guide vane closure angle on flow recirculation in the
rotor for high inlet guide vane closure angles. The dashed curves in
Figure 52 are the predicted inlet guide vane-rotor pressure ratios that
were calculated as part-of the off-design analysis. The difference be-
tween predicted and measured pressure ratios for the cruise (0-degree)
setting of the inlet guide vane is due to the fact that the inlet pressure
was not reduced, as originally planned, to achieve the design pressure
ratio and corrected weight flow conditions (see TEST PROCEDURE, page 14).
The disagreement between the predicted and measured inlet guide vane-rotor
pressure ratios for the 45-degree inlet guide vane closure angle is due
primarily to the flow recirculation in the vicinity of the rotor. Since
part of this recirculation is due to reverse flow in the gas generator
flowpath, it is difficult to determine how accurately present design tech-
niques might be expected to predict off-design performance (for relatively
high inlet guide vane closure angles) when flow recirculation is not
present.

Efficiency for the inlet guide vane rotor combination is shown in Fig-
ures 54 and 55 for 100- and 70-percent design rotor speed. respectively.
The trend of efficiency with inlet guide vane closure angle-is generally
consistent with the stage efficiency data presented in Figures 45 and 47.
The inlet guide vane rotor efficiencies are higher than the stage effi-
ciencies because they do not include the fan duct and exit guide vane
losses.

Rotor Flow Recirculation

Rotor temperature ratio is presented as a function of corrected weight
flow in Figures 56 and 57 for 100- and 70-percent design rotor speed,
respectively. Temperature ratios of less than one are the result of flow
recirculation in the fan tip region, which substantially increased the fan
inlet temperature. Flow recirculation also accounts for the high tempera-
ture ratios for the 80-degree inlet guide vane data, ,since little adiabatic
flow work was done by the rotor in this configuration to cause a tempera-
ture rise. Figure 58 shows the spanwise total temperature distribution at
the rotor inlet for design rotor speed conditions as the inlet guide vane
closure angle is varied from 0 to 80 degrees with the exit guide vane set
in the cruise (open) position. Corresponding total temperature data at
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the rotor exit are ,resented in Figure 59. At O-degree inlet vane setting,
no flow recirculation is indicated because the rotor inlet temperature is
equal to ambient temperature across the span. At 45-degree inlet guide
vane closure, the rotor inlet temperature is equal to or greater than the
exit temperature at 50-, 70-, and 90-percent span, indicating that flow
recirculation is present over the outer 50-percent span upstream of the
rotor. These same conditions exist at the 60-degree setting of the inlet
guide vane except that the rotor inlet temperature at 70-percent span has
increased significantly. As the inlet guide vane sei:!%ing is increased to
80 degrees, the rotor inlet temperature becomes less than the exit tem--
perature at 50- and 70-percent span, suggesting a reduction in the size-
of the recirculation zone; however, -the inlet temperature at 90-percent
span remains above the exit temperature, indicating that recirculation
still exists in the tip region. Concurrent with these changes is a sharp
increase in inlet temperature at 10- and 30-percent span, which indicates an
increase in the spanwise influence of the recirculating flow field upstream
of the rotor. Similar increases in rotor inlet temperature were noted in a
program that investigated the effect of downstream annular flow blockage on
rotor performance (Reference 8).

Total temperature data in Figures 60 and 61 show the change in the recir-
culation as the exit guide vane is closed from 0 to 80 degrees at a con-
stant inlet guide vane setting of 70 degrees. The recirculation flow
pattern appears to remain constant as the exit vane is closed from 0 to
60 degrees. At closures above 60 degrees, the spanwise influence of the
recirculation spreads until it encompasses the entire span. Similar re-
circulating flow field development with exit guide vane angle change was
also noted for the other inlet guide vane settings.

Insufficient blade element data were obtained to permit a rigorous
analysis of the flow recirculation phenomena. However, the data shown in
Figures 58 through 61 provide a qualitative evaluation of the basic flow
mechanism and its characteristics. The apparent flow mechanism is a re-
circulating "pocket" of secondary flow which is-ocircumvented by the primaiy
fan flow and has three phases of development that depend on inlet and exit
guide vane settings. The first two phases of development are shown
schematically in Figure 62. In Phase I, the flow passes smoothly through
the rotor blades at all spanwise positions without flow recirculation..
This phase corresponds to the cruise inlet guide vane setting. Phase II
develops as the fan inlet flow is restricted by the inlet guide vane
closure, causing the rotor tip region to become stalled and flow to
separate from the blade suction surface. The primary flow is displaced
radially inward away from this separated region, and a secondary flow field
is established in the tip region. Fluid particles in this secondary flow
field pass over the rotor leading edge but are prevented from leaving at
the fan blade exit by the primary flow stream. Consequently, the fluid
particles move radially outward along the blade, reverse in direction, and
return to the rotor leading edge where the process is repeated. When the
inlet guide vane is closed to the 60-degree setting, the recirculation
zone apparently increases in size and intensity, as indicated by the in-
creased temperature upstream of the rotor at 70-percent span (Figure 58).
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The recirculation z*one is greatly reduced in size as the inlet guide vane
is closed toward the 80-degree setting, but in the process some fluid
particles leave the recirculating flow field and enter the primary flow
stream upstream of the rotor. This is supported in Figures 58 and 59 by
the decrease in rotor inlet temperature at 70-percent span and the sharp
increases in both inlet and exit temperatures over the inner 50-percent
span. No schematic representation of this latter phase of recirculation
was attempted because the flow angle is only a few degrees from the plane

of the rotor, and convection and eddy currents are probably of the same
magnitude as the primary flow.

* CONCLUDING DISCUSSION

A 0.5 hub-tip ratio fan stage having variable chord-angle inlet and duct
exit guide vanes was tested to determine the reduction in fan horsepower
and thrust that could be obtained over a range of guide vane settings
between fully open (cruise) and fully closed.

The fan horsepower was reduced to a minimum residual horsepower equal to
14 percent of the maximum horsepower with the inlet and exit guide vanes
fully closed. Rotor exit temperature for this guide vane configuration
was on the order of 5000 F. This level of temperature is considered to be
above the upper temperature limit for practical compressor design.

With the inlet and exit guide vanes partially open, a residual horsepower
equal to 16 percent of the maximum value was achieved within an acceptable
upper limit of rotor exit temperature (370 0 F).

Installation of a cover plate over the gas generator flowpath with the
guide vanes partially open reduced the residual horsepower to 14 percent
of the maximum value at a rotor exit temperature of only 160 0 F. This
result was attributed to the influence of flow conditions in the gas
generator flowpath on flow recirculation in the rotor.. The flow measure-
ments obtained during the test program were not in sufficient detail to
permit a detailed analysis of the recirculation. However, control of the
gas generator flowpath pressure and variable geometry vanes in the gas gen-
erator flowpath could lead to further reductions in residual horsepower
within safe temperature limits.

Fan thrust was reduced to essentially zero axial thrust within safe tem-
perature limits.

Rotor blade and guide vane stresses were within acceptable limits through-
out the test range of guide vane settings and rotor speed. Maximum stresses
during stage stall did not exceed 10,000 psi. For high values of guide
vane closure angles, the stresses were below 10,000 psi.

31



CONCLUSIONS

It is concluded that:

1. The use of variable chord-angle fan inlet and duct exit
guide vanes to modulate fan horsepower and thrust for
convertible aircraft application is feasible.

2. Methods for effective control of flow recirculation in
the rotor are required to minimize the fan environmental
temperature at the minimum achievable residual horsepower
levels.

32



RECOMENDATIONS

Recommendations for further investigation of the concept of variable
chord-angle inlet and duct exit guide vanes for far horsepower and thrust
modulation for convertible aircraft application are as follows:

1. Perform mission analyses for selected convertible aircraft
configurations using the experimental results obtained in
this program.

2. Evaluate methods, such as a porous rotor shroud, to reduce
flow recirculation in the rotor at high guide vane closure
angles.

3. Investigate the influence of gas generator flowpath back
pressure on residual horsepower and envrionmental tempera-
ture (recirculation).

4. Investigate variable chord-angle vanes in the gas generator
inlet.

5. Evaluate fan configuration having split flowpath through
the rotor to separate fan duct and gas generator flow.
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10 0.193 ±0.160
11 0.285 ±0.180

12 0.420 ±0.190
13 0.555 ±0.180

14 0.698 ±_0.160 1
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16 1.400 ±0.063

Figure 3. Flow-Splitter Leading-Edge Geometry.
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APPENDIX I
COMPUTER PROGRAMS USED FOR AERODYNAMIC DESIGN

Two computer programs are used to model axial flow compressor aerodynamics:
(1) Axial Flow Compressor Calculation and (2) Streamline Calculation Deck.
The functions of these two programs are summarized as follows.

AXIAL FLOW COMPRESSOR CALCULATION (AFCC)

This computer program calculates the entrance and discharge conditions for
each blade row of an axial flow compressor. Tbhz calculation is required
to satisfy the equation of motion for an axisymmetric flow field at each
of these transverse planes with the assumption that the streamline curva-
ture in the meridional plane may be neglected. Thus, the radial distribu-
tion of static pressure reflects swirl velocities but does not account for
wall curvature. Radial veloctty components, although not calculated, may
be introduced to the program as an input item. The program is provided
with optional subroutines to calculate the loss coefficient, minimum loss
incidence angle, and unstalled operating range, for all of the compressor
blade types currently in use at Pratt & Whitney Aircraft, at relative Mach
numbers up to 1.5. At higher Mach numbers, these data must be specially
input. Various methods of calculating deviation angle are also provided
as subroutines.

The program has the capacity to iterate to a solution along several
optional paths. The two major paths permit (I) selectio)n of blade metal
geometry that satisfies input vector diagrams and (2) solution of the flow
field for arbitrary blading, thus permitting solution of both the "design"
and "off-design" problems.

STREAMLINE CALCULATION DECK

Many variations of this computer procedure are used for the solution of
specific flow problems. The basic procedure, however, permits the calcu-
lation of an axisymmetric flow field for a specified flow annulus con-
taining rotor and stator blade rows. The major difference between this
and the AFCC program is that the equations of motion are herein solved,
including those terms reflecting the influence of streamline curvature in
the meridional plane on the radial static pressure gradient.
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APP~ENDIX II
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